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Abstract 
In this study, the two-way shape memory effect (TWSME) of a Ni-54.5 at.% Ti alloy was investigated 
experimentally to develop a NiTi linear actuator. The two-way shape memory effect was induced through a 
compressive shape memory cycle composed of four steps: (1) loading to maximum deformation; (2) unloading; (3) 
heating; (4) and cooling. Six types of specimens (one solid cylindrical and five tubular) were used to obtain the two-
way shape memory strain and two-way recovery stress and to evaluate the actuating capacity. The two-way actuating 
strain showed a convergent tendency after several training cycles for the same maximum deformation. A maximum 
value of the two-way strain was obtained for 7% of maximum deformation, independently of the geometry of the 
tubular specimens. The two-way strains obtained by the shape memory cycles and two-way recovery stress linearly 
increase as a function of the maximum deformation and the two-way strain, respectively, and the geometry of 
specimen affects the two-way recovery stress. Although the results show that sufficient recovery stress can be 
generated by either the two-way shape memory process or by the one-way shape memory process, the two-way shape 
memory process can be applied more conveniently to actuating applications. 
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1. Introduction 
Shape memory effects can be classified into one-way shape memory effect (OWSME) and two-way 
shape memory effect (TWSME). In low temperature regions, after an SMA is loaded and unloaded, some 
residual strain remains. However, if the temperature is raised to a specific temperature, the residual strain 
vanishes and the SMA returns to its original shape. This phenomenon is known as the one-way shape 
memory effect. The TWSME represents a reversible spontaneous shape change during the cooling and 
heating process. This is the consequence of reversible phase transformations observed without application 
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of any external force. However, the TWSME is not an inherent property of SMAs, but can only be 
obtained through a suitable thermo-mechanical treatment, usually termed training. Although several new 
training methods have been investigated, the physical origin of the TWSME remains unclear.  
NiTi actuators using the one-way shape memory effect require a residual strain to be created before 
actuation, whereas no preparation operation is required for a TWSME. Thus, it is more convenient to 
utilize the TWSME than the OWSME. There have been many studies that have investigated the TWSME 
of NiTi [1–5]. Various training methods have been utilized to develop the TWSME, and many factors 
influencing the development of the TWSME in NiTi have been investigated. However, most studies have 
induced the TWSME in NiTi through tensile loading cycles. There have been few TWSME studies of 
NiTi wherein the TWSME was induced through a compressive loading cycle and using a bulkier 
specimen than the wire type NiTi specimens used in previous reports  
In this study, to develop a high-power actuator that can be applied to the aerospace field, we performed 
long-term experimental work to verify the TWSME induced through a compressive loading cycle. The 
two-way strain and related actuating force were measured quantitatively. Compression tests were 
performed with a standard NiTi cylindrical specimen (ASTM E9) and five different tubular type 
specimens to investigate the behavior of the two-way shape memory effect in compression. The two-way 
strains and two-way recovery stresses were quantitatively measured and compared to evaluate the 
actuating capacity of the NiTi shape memory alloy. Based on our unique experimental results, the 
mechanical behavior of the TWSME in NiTi is presented in this paper. 
2. Experiments 
The material used in this study was a SM495 NiTi solid rod from Nitinol Devices and Components 
(USA), and its outer diameter and original length were 20.3mm and 200mm, respectively. The physical 
properties and chemical compositions of this material are presented in Table 1. A cylindrical specimen 
13mm in outer diameter and 38mm in length, per ASTM E9, was fabricated to obtain a two-way shape 
memory effect induced by compressive shape memory cycling, and five linear actuator-shaped tubular 
specimens were also fabricated for practical application. The specimen thicknesses, inner diameters, outer 
diameters and lengths are given in Table 2. All the specimens were annealed at 600 oC for 30 min and 
quenched with water before the tests. A differential scanning calorimeter (DSC) was used to determine the 
unstressed transformation temperatures of the SMA. The following values were found: Mf = 35.7 oC, Ms 
= 52.3 oC, As = 66.2 oC and Af = 87.5 oC. 
Table 1 Physical properties and chemical composition of the SM495 NiTi rod 
Physical properties Chemical composition Wt.% 
Density 6.5g/cm3 Nickel (nominal) 54.5 
Electrical resistivity 76ȝhm-cm Titanium Balance 
Elastic Modulus 28-41GPa Oxygen (max) 0.05 
Coefficient of thermal expansion 6.6x10-6/oC Carbon (max) 0.02 
Ultimate tensile strength 1100MPa   
Total elongation 10%   
Transformation temperature 60oC   
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Table 2 Dimensions of NiTi specimens (unit: mm) 
Shape of specimen Solid cylindrical Tubular A Tubular B Tubular C Tubular D Tubular E 
Length 38 
Outer diameter 13 
Inner diameter  3 5 7 9 11 
Thickness  5 4 3 2 1 
 
The experimental system is shown in Fig. 1. The specimens were heated using wrapped flexible heaters. 
Stretch tapes were used to install the heaters and to thermally insulate the specimens and the heaters from 
their surroundings. Four strain gages were also attached to the surface of each specimen in the 
longitudinal direction. All mechanical tests were performed on an MTS servo-hydraulic load frame with a 
maximum force capacity of 250kN. The temperature of the specimen was measured using a K-type 
thermocouple attached to the specimen via spot-welding. During the tests, a data acquisition device was 
utilized to collect the strains, temperatures and load information, and all data were transmitted to a 
computer. The mechanical loading was performed using displacement control with a constant rate of 
0.125 mm/min. The heating rate during the thermal cycles was approximately 10 oC/min. 
In this study, shape memory cycling was used to obtain the TWSME. In Fig. 2, the shape memory 
cycle is shown schematically, and is composed four steps: (1) a compressive load is applied until the 
strain reaches a maximum deformation İmax; (2) the load is then removed at the same rate of loading and a 
certain amount of residual strain İr remains; (3) the residual strain of the NiTi can be removed by heating 
to above the austenite finish temperature (Af); (4) the NiTi specimen is cooled down under martensite 
finish temperature (Mf). İP and İTW are the plastic strain and the two-way shape memory strain, 
respectively. The shape memory cycle was repeated until the İTW converged for each İmax. The maximum 
deformation increased from 1% to 8% in increments of 1%. After İTW was measured, the two-way shape 
recovery stress, which can be obtained by constraining the two-way shape memory behavior, was 
measured to evaluate the capacity of each specimen as an actuator. The experimental results for all the 
specimens were compared. 
 
  
Fig. 1. (a) experimental setup; (b) shape memory cycle 
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3. Results and discussion 
3.1 Two-way shape memory behavior 
The two-way strains of all the specimens after repetitive shape memory cycles are plotted in Fig. 3 as a 
function of the İmax. The İTW in the 6 specimens shows a convergent tendency after 7 or 8 shape memory 
cycles for each İmax. The two-way strains until the İmax lead to 7%, and those for 8% of the İmax are the 
convergent values and separate values, respectively. 
As shown in Fig. 3, the convergent İTW - İmax relationship is linear. The İTW linearly increases as the 
İmax of the shape memory cycle increases with a linear coefficient ranging approximately from 0.30 to 
0.37 until the İmax reaches 7%. The maximum values of the İTW induced by repetitive compressive shape 
memory cycles range from 2.06% to 2.44%. However, the İTW exhibited distinctive behavior for the case 
of 8% of the İmax, wherein the İTW sharply and continuously decreased along the successive shape memory 
cycles of 8% of the İmax in all the specimens. To confirm this phenomenon, the plastic deformation is 
represented with respect to the İmax in Fig. 4. Like Fig. 3, the plastic strains until the İmax lead to 7%, and 
those for 8% of the İmax are the convergent values and separate values. The plastic strains of all the 
specimens at 8% of the İmax were not convergent, as were the İTW values in Fig. 3. The İP continuously 
increased along the successive shape memory cycles. Therefore, it can be said that excessively 
accumulated plastic deformation reduces the two-way shape memory effect.  
 
(a)  (b)  (c)  
 
(d)  (e)  (f)  
Fig. 2. Variation of two-way strain with maximum strain (a) solid cylindrical; (b) tubular A; (c) tubular B; (d) tubular C; (e) tubular 
D; (f) tubular E 
 3.2 Two-way recovery stress behavior  
If NiTi is constrained and cannot recover its original shape during the shape memory process, a large 
amount of force can be generated. NiTi has advantages when used in actuators because it can be operated 
by a simple mechanism and can achieve a large force-to-volume ratio. NiTi can show one-way and two-
way shape memory effects, and these effects can be utilized in actuators. To evaluate the ability of NiTi 
actuators, many properties must be measured quantitatively, such as the recovery forces and the actuating 
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times. The recovery forces were measured here in a type of two-way shape memory process for all six 
specimens, and their abilities were compared. 
Both ends of the specimen were constrained; then, after the convergent İTW was obtained according to 
each İmax, the specimen was compressed by a stress of approximately 5MPa and then displacement was 
fixed. After that, heat was applied by flexible heaters until the temperature exceeded the austenite finish 
temperature Af. The two-way recovery stresses were induced by the TWSME. The two-way recovery 
stresses of the six specimens measured along the İTW are also shown in Fig. 5. The two-way recovery 
stress linearly increases as the İTW induced by shape memory cycles increases. In addition, the thinner the 
specimen thickness is, the bigger the value of two-way recovery stress becomes at a similar value of İTW. 
In the case of the tubular specimen E, the maximum value of the two-way recovery stress is higher by 
54.4% than that of the tubular specimen A when the İTW is 2.25%. If the volume of the SMA is large, 
cross-sectional non-homogeneity can be caused during the annealing to help the specimen remember its 
shape [6]. In such cases, a difference in the properties of the internal and external regions can occur. In 
previous research [7], the stress-strain relationship, phase transformation temperatures, maximum 
recoverable strain and the critical stresses for inducing martensite and for inducing slip have been changed 
as the annealing temperature changed. Thus, two types of wire and thin plate are generally used to avoid 
this disadvantage, as mentioned above. In this experiment, the maximum value of the two-way recovery 
stress of the thinnest tubular specimen, E, is higher than or similar to that of the one-way shape recovery 
stress obtained by tension using wire or thin plate [8-10]. Therefore, tubular specimen E can be considered 
to be the most uniformly annealed.  
4. Conclusion 
In this study, preliminary research was conducted to develop a linear actuator using the TWSME. 
Compressive shape memory cycling was used to induce the TWSME. The two-way strains of all 
specimens were convergent after 7 or 8 shape memory cycles for each İmax until the İmax reached 7%, 
and the convergent values linearly increased as the İmax of the shape memory cycles increased with a 
linear coefficient ranging approximately from 0.30 to 0.37. In addition, the average of the maximum value 
of the İTW is nearly 2.32% except for the cylindrical specimen. However, it was found that the İTW 
decreases while the plastic deformation drastically increases during repetitive shape memory cycles for 
8% of the İmax. This suggests that the excessive load over the yielding of stress-induced martensite 
reduces the İTW. 
A positive linear relationship was observed between two-way recovery stress and İTW. The thinner the 
specimen thickness was, the bigger the value of two-way recovery stress became for a similar value of 
İTW. In the case of the thinnest tubular specimen, specimen E, 440MPa of two-way recovery stress was 
measured at 2.25% of the İTW. The one-way shape memory process requires compressive loading and 
unloading to create residual strain, whereas the two-way recovery does not require this. A NiTi actuator 
with sufficient force can be generated through either a two-way shape memory process or a one-way 
shape memory process by subjecting it to a homogenization heat treatment. However, because the two-
way shape memory process can be applied to actuating applications more conveniently than can a one-
way recovery process, the use of two-way actuation in shape memory alloys will broaden their utility as 
micro-actuators for use in smart structures. 
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